Protein-protein interaction (PPI) networks are the backbone of all processes in living cells. In this work we study how conservation, essentiality and functional repertoire of a gene relate to the connectivity k of the corresponding protein in the PPI networks. Focusing on a set of 42 mostly distantly related bacterial species, we investigate three issues: i) whether the distribution of connectivity values changes between PPI subnetworks of essential and nonessential genes; ii) how gene conservation, measured both by the evolutionary retention index (ERI) and by evolutionary pressure (as represented by the ratio K a /K s ) is related to the the connectivity of the corresponding protein; iii) how PPI connectivities are modulated by evolutionary and functionaly relationships, as represented by the Clusters of Orthologous Proteins (COGs). We show that conservation, essentiality and functional specialization of genes control in a universal way the topology of the emerging bacterial PPI networks. Noteworthy, a structural transition in the network is observed such that, for connectivities k ≥ 40, bacterial PPI networks are mostly populated by genes that are conserved, essential and which, in most cases, belong to the COG cluster J, related to ribosomal functions and to the processing of genetic information. 2 proteins, possibly assembled in large complexes. Hence, knowing the interactions of a 3 protein is important to understand its cellular functions. Moreover, a comprehensive 4 description of the stable and transient protein-protein interactions (PPIs) within a cell 5 would facilitate the functional annotation of all gene products, and provide insight into 6 the higher-order organization of the proteome [1, 2]. Several methodologies have been 7 developed to detect PPIs, and have been adapted to chart interactions at a 8 proteome-wide scale. These methods, that combine different technologies with 9 complementary experiments and computational analyses, were shown to generate 10 high-confidence PPI networks, enabling the assignment of several proteins to functional 11 categories [3, 4].
Introduction 1
To operate biological activities in living cells, proteins work in association with other Individual genes in the genome contribute differentially to the survival of an 23 organism. According to their known functional profiles and based on experimental 24 evidence, genes can be divided into two categories: essential and nonessential 25 ones [9, 10] . Essential genes are not dispensable for the survival of an organism in the 26 environment it lives in [10, 11] . Nonessential genes are instead those which are 27 dispensable [12] , being related to functions that can be silenced without compromising 28 the survival of the organism. Naturally, each species has adapted to one or more 29 evolving environments and, plausibly, genes that are essential for one species may be not 30 essential for another one. 31 It has been argued many times that essential genes are more conserved than 32 nonessential ones [13] [14] [15] [16] [17] . The term "conservation" has however at least two meanings. 33 On the one hand, a gene is conserved if orthologous copies are found in the genomes of 34 many species, as measured by the Evolutionary Retention Index (ERI) [9, 18] . On the 35 other hand, a gene is (evolutionarily) conserved when it is subject to a purifying 36 evolutionary pressure which disfavors mutations. This pressure is usually measured by 37 K a /K s , the ratio of the number of nonsynonymous substitutions per nonsynonymous 38 site to the number of synonymous substitutions per synonymous site. In this second 39 meaning a conserved gene is, in a nutshell, a slowly evolving gene [13, 19] .
40
In this work we show that bacterial PPI networks display an interesting 41 topological-functional transition, ruled by protein connectivity k and with a threshold 42 between k = 40 and k = 50. Proteins with high PPI network connectivities (hubs) likely 43 correspond to genes that are conserved and essential. Conversely, genes that correspond 44 to hub proteins in the PPI network are likely to be essential and conserved.
Conserved genes are characterized by K a /K s < 1. We used K a /K s estimates by 66 Luo [15] that are based on the method by Nej and Gojobori [21] .
67

Gene Essentiality
68
We used the Database of Essential Genes (DEG, www.essentialgene.org) [15] , which 69 classifies a gene as either essential or nonessential on the basis of a combination of 70 experimental evidence (null mutations or trasposons) and general functional 71 considerations. DEG collects genomes from Bacteria, Archea and Eukarya, with 72 different degrees of coverage [22, 23] . Of the 42 bacterial genomes we consider, only 23 73 are covered-in toto or partially-by DEG, as indicated in Table 1 (functional associations might be used to represent both physical protein-protein 80 molecular interactions and more abstract meta-interactome interactions with it our best 81 to modulate our results using the parameter w, offered by STRING to its users. In 82 STRING, each interaction is assigned with a confidence level or probability w, evaluated 83 by comparing predictions obtained by different techniques [25] [26] [27] with a set of reference 84 associations, namely the functional groups of KEGG (Kyoto Encyclopedia of Genes and 85 Genomes) [28] . In this way, interactions with high w are likely to be true positives, 86 whereas, a low w possibly corresponds to a false positive. As usually done in the 87 literature, we consider only interactions with w ≥ Θ and select a stringent cut-off 88 Θ = 0.9 that allows for a fair balance between coverage and interaction reliability (see 89 for instance the case of E.coli reported in [7] ). 90 We denote by k the degree (number of connections) associated to each proteins in 91 each PPI network after the thresholding procedure. Note also that after applying the 92 cut-off we are left, for each network, with a number of isolated proteins (with no 93 connections) that grows as √ n (where n is the number of proteins in the genome).
94
These proteins are not considered in the network analysis and are regarded as stemming 95 from statistical noise.
96
Clusters of orthologous proteins 97 We use functional annotation given by the popular database of orthologous groups of 98 proteins (COGs) from Koonin's group, available at 99 http : //ncbi.nlm.nih.gov/COG/ [29, 30] . We consider 15 functional COG categories 100 (see Table 2 ), excluding the generic categories R and S for which functional annotation 101 is too general or missing.
102
Results and discussion 103 Degree distribution of PPI networks. We start by studying the degree 104 distributions P (k) observed in bacterial PPIs. We first recall that such a distribution 105 was found to be scale-free in E.coli [7, [31] [32] [33] , meaning that the corresponding PPI 106 network features a large number of poorly connected proteins, and a relatively small 107 number of highly connected hubs. In order to assess the generality of this observation, 108 we compute P (k) for each genome of Supplementary Information). Note that, despite the fact that PPIs of different bacteria 110 have different sizes and densities, their average connectivity and the support of their 111 P (k) are very similar (as shown in figure S1 of the Supplementary Information). Thus, 112 we can superpose all the considered bacterial degree distributions without the need to 113 normalise the support of each P (k). When doing so, we observe two distinct regimes 114 (see figure 1) . For low values of k, the distribution has a scale-free shape P (k) ∝ k −γ . reasonably due to the contribution of proteins belonging to complexes [36] . Indeed, if we 122 consider the separate contribution of essential and nonessential genes to the P (k) (for 123 DEG-annotated genomes), we see that the superposed peak is present only in the degree 124 distribution of essential genes. Moreover, the degree distributions for essential and 125 nonessential genes are well separated and the average degree is systematically higher for 126 essential genes than for nonessential ones-consistently with previous findings [34] . Table 1 . Inset: P (k) for essential (E) and nonessential (NE) genes, averaged over DEG-annotated genomes. Note that the average degree is higher for essential genes than for nonessential ones, and the two probability distributions are quite distinct. The region of the curve for low k can be well approximated by a power law [37] .
PPI connectivity and gene conservation We now investigate whether there is a 128 correlation between the degree of conservation (as measured by ERI) of genes and the 129 connectivity k of the corresponding proteins in PPI networks. Figure 2 shows that 130 highly connected proteins are also highly conserved among the bacterial species we Dependence of selective pressure in terms of K a /K s for a gene on the degree k of the corresponding protein, for all the considered genomes.
We then look at the evolutionary pressure exerted on genes whose proteins have 140 different connectivities. The graph in figure 3 shows the ratio K a /K s for groups of 141 genes binned by the connectivity k of the corresponding proteins, for all the 42 bacterial 142 PLOS 4/12 species considered here. We see that the more connected proteins correspond to genes 143 which are subject to an increasing purifying evolutionary pressure. Indeed, values of the 144 K a /K s systematically decrease until they become zero, as a function of k. This result 145 point to the fact that the more proteins are connected in the PPI networks the more the 146 genes encoding them are subject to a purifying evolutionary pressure.
147
PPI and Essentiality. To further investigate the relationship between gene 148 essentiality and protein connectivities, we consider DEG-annotated genomes and classify 149 interactions between proteins (links) making references to the essentiality of the 150 corresponding genes. We distinguish three sets of links: ee (linking proteins from two 151 essential genes),ēē (from two nonessential genes) and eē (from an essential gene and a 152 nonessential one). We then compute the density of these sets of links respectively as:
where E and N E denote the number of essential and nonessential genes, respectively 154 (self-connections are excluded in our analysis). Such densities are then compared with 155 the overall density of the network-restricted to genes classified as either essential or 156 nonessential:
.
(2)
We use the ratios r ee = ρ ee / ρ , rēē = ρēē/ ρ and r eē = ρ eē / ρ to assess the level of 158 connectivity of the subnetworks with respect to the overall connectivity. Table 3 shows 159 that subnetworks of essential genes are far denser than the overall networks, and that, 160 in general, essential and nonessential genes tend to form network components that are 161 weakly interconnected. This happens because many essential genes encode for ribosomal 162 proteins, which in turn are localized in the ribosome so that they have a major 163 probability to interact [38] . Figures S4-S5 define the conditional probability that a protein with degree k belongs to a given COG 167 as:
168 P (COG|k) = P (k|COG)P (COG)/P (k),
where P (k) is the degree distribution in the PPI network, P (COG) is the frequency of 169 that COG in the proteome, and P (k|COG) is the degree distribution restricted to that 170 COGs. Figure 4 shows the COG spectrum as a function of k over all bacteria species 171 considered. Interestingly, we again note a marked transition. Below k 40 the COG 172 spectrum is quite heterogeneous: genes corresponding to proteins with low connectivity 173 are spread over several COGs which correspond to different functions (see Table 2 ).
174
Genes whose proteins are highly connected (k ≥ 40) are instead mainly concentrated in 175 COG J, which encompasses translation processes and ribosomal functions. There are 176 yet a handful of outliers, hubs with connectivity between 57 and 62, that belong to 177 COG I (related to lipid transport and metabolism) and K and L (which, together with 178 J, define the functional class of information storage and processing). The list of these 179 outliers is reported in Table 4 ). Probability distribution P (COG|k) of belonging to a given COG for proteins with degree k, over all considered genomes. Proteins with low connectivity have a very heterogeneous COG composition, whereas, those with high k basically belong only to COG J.
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Conclusions 181 Topological analysis of biological networks, such as protein-protein interaction or 182 metabolic networks, has demonstrated that structural features of network subgraphs are 183 correlated with biological functions [39, 40] . For instance, it was shown that highly 184 connected patterns of proteins in a PPI are fundamental to cell viability [41] . In this 185 work we have shown the existence of a topological-functional transition in bacterial 186 species, ruled by the connectivity of proteins in the PPI networks. The threshold in k of 187 the transition is located between k = 40 and k = 50. Proteins that have connectivities 188 above the threshold are mostly encoded by genes that are conserved (as measured both 189 by ERI and K a /K s ) and essential. Moreover the functional repertoire above the 190 threshold focuses mainly on the COG J, with just a few interesting hubs belonging to 191 COGs I, K and L. 192 Indeed, the PPI network of each bacterial species is characterized by a highly 193 connected core of conserved ribosomal proteins, the components of multi-subunit 194 complexes whose corresponding genes are mostly essential [31, 35] We believe that the observations we have presented here can have implications both 201 for the prediction of gene essentiality, based on the knowledge of PPI networks, and for 202 the prediction of interactions between proteins, based on genetic information [43, 44] . It 203 is interesting to note that our results are consistent with a previous study based on Table 3 . Relative density values r for PPI subnetworks between essential genes (r ee ), between nonessential genes (rēē) and between essential and nonessential genes (r eē ), for each DEG-annotated bacterial genome. 
